The gasification kinetics of bituminous coal char was investigated in a mixture of CO 2 , H 2 O, CO, H 2 , and N 2 under isothermal conditions. In addition, the impacts of gasification temperature, gasification time, and gas composition on the gasification process were analyzed. As the experimental results suggest, there is a significant increase of the carbon conversion degree of bituminous coal char not just when gasification temperature and time increase, but also when H 2 and CO concentration decreases. The kinetics of bituminous coal char in the gasification process was successfully modeled as a shrinking unreacted core. It is concluded that the gasification of bituminous coal char is controlled by an internal chemical reaction in the early stage and diffusion in the later stage. The activation energies of bituminous coal char gasification for different stages were studied. Moreover, it is proposed for the first time, to our knowledge, that the diffusion-control step is significantly shortened with the decrease of the CO 2 /H 2 O ratio. As scanning-electron-microscopy results suggest, bituminous coal char gasified in CO 2 /H 2 O = 1/3 atmosphere has numerous inner pores (0-5 m). Therefore, in the process of gasification, the inner pores provide a gas channel that reduces the gas diffusion resistance and thus shortens the diffusion-control step. These results can serve as a reference for industrialized application of the technology of coal gasification direct reduced iron.
Introduction
China has established the World's most enormous iron and steel industry in the last few decades [1] . However, China's scrap resources are in short supply and the iron and steel industry has caused increasingly serious environmental pollution, contrary to China's sustainable development strategy. Nowadays, the blast furnace (BF) iron-making process is the most important critical process for the iron and steel industry [2] . The BF iron-making process has several fatal weaknesses. First, the reduction of CO 2 emissions from the iron and steel industry has a significant impact on global CO 2 emission reduction [3, 4] . Second, the tonnage energy consumption of steel enterprises is 600 kgce/t. In the case of the blast furnace, the consumption of coke has been reduced from 800 kg/t Hot Metal in the 1960s to 470 kg/t HM in the 2010s [5, 6] . The total energy consumption of steel enterprises accounts for approximately 15% of the total energy consumption in China, and steel enterprises' energy consumption cost accounts for 20-40% of total energy consumption. Therefore, energy conservation and emissions reduction in the steel industry are extremely urgent [7] . Further, iron smelting in BFs requires metallurgical coke. Coking coal resources are scarce, and the price of metallurgical coke is high, while the abundant non-coke energy resources cannot be utilized [8] . Last but not least, sinter and coking processes could cause different types of pollutants with higher pollution emissions, which accounts for 80% of the total pollution emissions in steel production, which contains CO 2 NO X CO 2 (99.99% purity), CO (99.99% purity), H 2 (99.99% purity), N 2 (99.99% purity), and H 2 O from a vapor generator (under the control of a computer program) were the gases applied in the present study. Characteristic Western bituminous coal from a reservoir in Ordos, Xinjiang, China was selected for the solid coal samples. Table 1 shows the proximate and ultimate analyses of the bituminous coal. We pyrolyzed bituminous coal under a N 2 atmosphere for nearly 240 min, and 1 atm and 1373 K were selected as the pyrolysis pressure and temperature, respectively. After pyrolysis, the sample was cooled to ambient temperature protected by N 2 and then used for the gasification experiments. To ensure a uniform shape, we formed the bituminous coal char into Φ1.5 m ± 1.5 mm, 10.00 ± 0.01 g samples. Table 2 shows the proximate and ultimate analyses of the bituminous coal char. Compared with Table 1 , it can be seen that the moisture and volatile matter of bituminous coal are significantly reduced after pyrolysis, and that the main components of bituminous coal char are ash and fixed carbon. 
Experimental Process and Measurement Method
As shown in Figure 1 , a self-designed device for the accurate measure of bituminous coal char's gasification reaction under CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere was applied. First, 10 g of bituminous coal char was suspended under an electronic balance by hanging wires and a nacelle, and the electronic balance was then used to record the weight loss of the bituminous coal sample. A gasket made of silica gel was placed between the flanges of the quartz reactor to improve its air-tightness. The reactor diameter was 92 mm. The blind flange of the reactor was then closed. The inlet and exit pipes were connected with the quartz reactor, and the reactor was filled with N 2 to check the air-tightness. Later, the quartz reactor power was turned on, the temperature program was settled down, and the heater was turned up. Selecting N 2 as a protective gas, CO 2 , CO, H 2 , and N 2 flow were controlled using a flow controller. A steam generator was used to heat the water to 773 K and a metering pump was used to control the water flow. In the entire heating process, the quartz reactor was heated at 10 K/min under a 2-L/min N 2 atmosphere, and the reaction pressure was 1 atm. When the temperature reached the specified temperature, the electronic balance was turned on and began to record the data. The 2-L/min N 2 was then replaced by CO 2 , H 2 O, CO, H 2 , and N 2 to carry out the gasification. The reaction gas flowed into the bottom and out of the gas outlet when the reaction was completed. After the bituminous coal char was gasified for 120 min, the samples were cooled to ambient temperature under a N 2 atmosphere. Finally, the samples were removed from the quartz reactor for later scanning-electron-microscopy (SEM) testing. 
As shown in Figure 1 , a self-designed device for the accurate measure of bituminous coal char's gasification reaction under CO2, H2O, CO, H2, and N2 atmosphere was applied. First, 10 g of bituminous coal char was suspended under an electronic balance by hanging wires and a nacelle, and the electronic balance was then used to record the weight loss of the bituminous coal sample. A gasket made of silica gel was placed between the flanges of the quartz reactor to improve its air-tightness. The reactor diameter was 92 mm. The blind flange of the reactor was then closed. The inlet and exit pipes were connected with the quartz reactor, and the reactor was filled with N2 to check the airtightness. Later, the quartz reactor power was turned on, the temperature program was settled down, and the heater was turned up. Selecting N2 as a protective gas, CO2, CO, H2, and N2 flow were controlled using a flow controller. A steam generator was used to heat the water to 773 K and a metering pump was used to control the water flow. In the entire heating process, the quartz reactor was heated at 10 K/min under a 2-L/min N2 atmosphere, and the reaction pressure was 1 atm. When the temperature reached the specified temperature, the electronic balance was turned on and began to record the data. The 2-L/min N2 was then replaced by CO2, H2O, CO, H2, and N2 to carry out the gasification. The reaction gas flowed into the bottom and out of the gas outlet when the reaction was completed. After the bituminous coal char was gasified for 120 min, the samples were cooled to ambient temperature under a N2 atmosphere. Finally, the samples were removed from the quartz reactor for later scanning-electron-microscopy (SEM) testing. The carbon conversion degree of bituminous coal char can be calculated as follows: The carbon conversion degree of bituminous coal char can be calculated as follows:
where m t (units: g) denotes the weight of char at a given time, m ash (units: g) the final weight of char, m 0 (units: g) the weight of char just after loading the reactant gas, and X the carbon conversion degree.
Gasification Kinetics Model
The un-reacted shrinking-core model is used as the kinetic model in this study, including the processes of external diffusion of gaseous species, intrinsic chemical reactions, and the diffusion of gas species. In this study, under the experimental conditions, the external diffusion resistance of the gas can be neglected. Therefore, under the condition of the mixture of CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere, the total gasification time can be calculated according to Equation (2) below, which follows the un-reacted shrinking-core model. Therefore, the rate equations are yielded as shown below in Equations (3) and (4), according to which we can draw multiple diagrams to explore the actual rate-controlling step of the gasification process. The 1 − (1 − X) (2)- (4), t refers to the total gasification time (units: min); k is the gasification rate constant (units: cm/min); c 0 and c q refer to gasification gas concentration at the granule surface and in equilibrium, respectively (units: mol/cm 3 ); k 0 denotes the parameter constant, ρ 0 denotes the initial oxygen concentration in the bituminous coal char (units: mol/cm 3 ); r 0 denotes the characteristic initial radius of bituminous coal char (cm); and D e is the effective diffusion coefficient (units: cm 2 /min).
(2) Figure 2 shows the gasification-process results for bituminous coal char isothermally gasified in a mixture of CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere. This experiment was conducted with a gasification gas flow of 8 L/min in the temperature range 1173-1373 K with intervals of 50 K. The gasification gas flow of 8 L/min was made up of 2 L/min CO 2 , 2 L/min H 2 O, 1.5 L/min CO, 1.5 L/min H 2 , and 1 L/min N 2 . Figure 2 shows that the carbon conversion degree of bituminous coal char increases when gasification temperature increases in the mixture of CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere. The carbon conversion degree reaches 63.97%, 73.01%, 79.99%, 86.92%, and 91.23% after the bituminous coal chars are gasified at 1173, 1223, 1273, 1323, and 1373 K, respectively, for 54 min. Specifically, the isothermal gasification curves are first steep and then slow, and finally barely vary with gasification time. Furthermore, the curves become steeper with increasing gasification temperature. Therefore, the carbon conversion degree reaches saturation faster as the gasification temperature increases. Gasification temperature is suggested to significantly impact the carbon conversion degree of bituminous coal char. Thus, the carbon conversion degree of bituminous coal char is accelerated with the reasonable increase of gasification temperature. In addition, due to the different thermal and physical properties of CO 2 and H 2 O, they react differently with the bituminous coal char. Equations (5) and (6) present the major reactions of CO 2 or H 2 O with bituminous coal char:
Results and Discussion
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Energies 2019, 12, 496 5 of 13 On the basis of Equations (3) and (4), Figure 3 shows the kinetic results of bituminous coal char gasification at different temperatures under the mixture of CO2, H2O, CO, H2, and N2 atmosphere. Obviously, the entire gasification process has two stages: the early stage and the later stage. At the early stage, the straight lines' correlation coefficients (R 2 ) for the above mixture components are 0.995, 0.995, 0.985, 0.989, and 0.990, respectively, while at the later stage, the straight lines' correlation coefficients (R 2 ) are 0.997, 0.979, 0.989, 0.994, and 0.989, respectively. Thus, from the linear relation, the early and later gasification processes are controlled by interfacial chemical reaction and diffusion, respectively. The values of the gasification rate constant of the two stages are presented in Table 3 . It is suggested that the gasification rate constants of both the early and later stage increase with elevated temperature in the mixture. This reveals that increasing temperature can effectively improve the gasification process. On the basis of Equations (3) and (4), Figure 3 shows the kinetic results of bituminous coal char gasification at different temperatures under the mixture of CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere. Obviously, the entire gasification process has two stages: the early stage and the later stage. At the early stage, the straight lines' correlation coefficients (R 2 ) for the above mixture components are 0.995, 0.995, 0.985, 0.989, and 0.990, respectively, while at the later stage, the straight lines' correlation coefficients (R 2 ) are 0.997, 0.979, 0.989, 0.994, and 0.989, respectively. Thus, from the linear relation, the early and later gasification processes are controlled by interfacial chemical reaction and diffusion, respectively. The values of the gasification rate constant of the two stages are presented in Table 3 . It is suggested that the gasification rate constants of both the early and later stage increase with elevated temperature in the mixture. This reveals that increasing temperature can effectively improve the gasification process. On the basis of Equations (3) and (4), Figure 3 shows the kinetic results of bituminous coal char gasification at different temperatures under the mixture of CO2, H2O, CO, H2, and N2 atmosphere. Obviously, the entire gasification process has two stages: the early stage and the later stage. At the early stage, the straight lines' correlation coefficients (R 2 ) for the above mixture components are 0.995, 0.995, 0.985, 0.989, and 0.990, respectively, while at the later stage, the straight lines' correlation coefficients (R 2 ) are 0.997, 0.979, 0.989, 0.994, and 0.989, respectively. Thus, from the linear relation, the early and later gasification processes are controlled by interfacial chemical reaction and diffusion, respectively. The values of the gasification rate constant of the two stages are presented in Table 3 . It is suggested that the gasification rate constants of both the early and later stage increase with elevated temperature in the mixture. This reveals that increasing temperature can effectively improve the gasification process. In line with the Arrhenius equation, the relationship between the gasification rate constant (k) and reaction temperature (T) is shown in Equation (7), in which k 0 denotes the frequency factor and E the activation energy (units: kJ·mol −1 ):
Taking the natural logarithm of both sides in Equation (7),
A straight line can be yielded from the plot of ln k versus 1/T, and the activation energy can be assessed from the slopes. Figure 4a ,b presents the plots of ln k vs 1/T. The data of Figure 4 and Equation (8) In line with the Arrhenius equation, the relationship between the gasification rate constant ( ) and reaction temperature (T) is shown in Equation (7), in which k0 denotes the frequency factor and E the activation energy (units: kJ·mol −1 ):
A straight line can be yielded from the plot of ln versus 1/T, and the activation energy can be assessed from the slopes. Figure 4a ,b presents the plots of ln vs 1/T. The data of Figure 4 and Equation (8) 
Effect of H2 on Char-H2O Gasification
To investigate the effect of H2 on the gasification of bituminous coal char, experiments were carried out at 1273 K for 120 min with a gas flow of 8 L/min with different gas ratios of H2O, H2, and N2. The experimental conditions are listed in Table 4 . The concentration of H2O was 50% and that of H2 varied from 0% to 40%. Figure 5 represents the carbon conversion degree versus time at 1273 K with various concentrations of H2. For gasifying under the concentration of 40% H2 for 30 min, the carbon conversion degree of bituminous coal char is only 69.54%. As the concentration of H2 decreased to zero, the carbon conversion degree of bituminous coal char increased to 87.06%. This indicates that the concentration of H2 can strongly influence the carbon conversion degree of bituminous coal char. It is also obvious that the gasification reaction rate is lower due to the presence of H2. As a result, the presence of H2 strongly inhibits the char-H2O gasification reaction. 
Effect of H 2 on Char-H 2 O Gasification
To investigate the effect of H 2 on the gasification of bituminous coal char, experiments were carried out at 1273 K for 120 min with a gas flow of 8 L/min with different gas ratios of H 2 O, H 2 , and N 2 . The experimental conditions are listed in Table 4 . The concentration of H 2 O was 50% and that of H 2 varied from 0% to 40%. Figure 5 represents the carbon conversion degree versus time at 1273 K with various concentrations of H 2 . For gasifying under the concentration of 40% H 2 for 30 min, the carbon conversion degree of bituminous coal char is only 69.54%. As the concentration of H 2 decreased to zero, the carbon conversion degree of bituminous coal char increased to 87.06%. This indicates that the concentration of H 2 can strongly influence the carbon conversion degree of bituminous coal char. It is also obvious that the gasification reaction rate is lower due to the presence of H 2 . As a result, the presence of H 2 strongly inhibits the char-H 2 O gasification reaction. Table 4 . Experimental arrangement of bituminous char gasification in the mixture of H2O, H2, and N2. 1  50  40  10  2  50  30  20  3  50  20  30  4  50  10 On the basis of Equations (3) Table 5 . The gasification rate constants of both the early and later stages increase with decreasing H2 concentration, indicating that a decreased H2 concentration can effectively improve the gasification process. Table 5 . The gasification rate constants of both the early and later stages increase with decreasing H 2 concentration, indicating that a decreased H 2 concentration can effectively improve the gasification process.
Experimental No. H2O (%) H2 (%) N2 (%)
Energies 2019, 12, 496 7 of 13 Table 4 . Experimental arrangement of bituminous char gasification in the mixture of H2O, H2, and N2. 1  50  40  10  2  50  30  20  3  50  20  30  4  50  10 On the basis of Equations (3) Table 5 . The gasification rate constants of both the early and later stages increase with decreasing H2 concentration, indicating that a decreased H2 concentration can effectively improve the gasification process. 
Effect of CO on Char-CO 2 Gasification
The char-CO 2 reactions in the presence of CO were performed at 1273 K with varied concentrations of CO. The experimental arrangement is listed in Table 6 and the experimental results are shown in Figure 7 . It can be seen that the carbon conversion degree of bituminous coal char gradually increased with reduction time. The carbon conversion degrees were 69.92%, 73.92%, 77.67%, 81.72%, and 86.93% for 60 min in the mixture of CO 2 , CO and N 2 when the concentrations of CO were 40%, 30%, 20%, 10%, and 0%, respectively. It is obvious that the time for complete carbon conversion degree increased with increasing CO concentration, indicating that the inhibition effect of CO increases with CO concentration increases. 
Effect of CO on Char-CO2 Gasification
The char-CO2 reactions in the presence of CO were performed at 1273 K with varied concentrations of CO. The experimental arrangement is listed in Table 6 and the experimental results are shown in Figure 7 . It can be seen that the carbon conversion degree of bituminous coal char gradually increased with reduction time. The carbon conversion degrees were 69.92%, 73.92%, 77.67%, 81.72%, and 86.93% for 60 min in the mixture of CO2, CO and N2 when the concentrations of CO were 40%, 30%, 20%, 10%, and 0%, respectively. It is obvious that the time for complete carbon conversion degree increased with increasing CO concentration, indicating that the inhibition effect of CO increases with CO concentration increases. For the mixture of CO2, CO and N2 atmosphere, the curve 1 − (1 − ) 1 3 versus time at the early stage also shows a better linear relationship-the straight lines' correlation coefficients (R 2 ) are 0.952, 0.957, 0.952, 0.968, and 0.985, respectively, as shown in Figure 8 . Therefore, the initial gasification control step also comprises the interfacial chemical reactions. In the later stage of the gasification process, 1 − Table 7 , suggesting that the gasification rate constant increases with decreasing CO concentration. Accordingly, the gasification process can be improved by decreasing the proportion of CO. For the mixture of CO 2 , CO and N 2 atmosphere, the curve 1 − (1 − X) Table 7 , suggesting that the gasification rate constant increases with decreasing CO concentration. Accordingly, the gasification process can be improved by decreasing the proportion of CO. 
Interactions by Char-H2O-CO2 in the Presence of H2 and CO
To investigate the effect of interactions by char-H2O-CO2 in the presence of H2 and CO on the gasification of bituminous coal char, experiments were carried out under a mixture of CO2, H2O, CO, H2, and N2 atmosphere at a gasification temperature of 1273 K with a gasification gas flow of 8 L/min. The experimental arrangement is given in Table 8 . Figure 9 shows the impact of different proportions of CO2/H2O on the carbon conversion degree in the presence of H2 and CO. For gasification at the condition of CO2/H2O = 3/1 for 60 min, the carbon conversion degree of bituminous coal char is only 80.71%. When the ratio of CO2/H2O decreased to 1/3 for 60 min, the carbon conversion degree of bituminous coal char increased to 87.27%. It is thus found that the carbon conversion degree of bituminous coal char increases with a decreasing CO2/H2O ratio, revealing that the gasification ability of H2O is greater than that of CO2 at high temperatures. Moreover, when the ratios of CO2/H2O are 3/1 and 1/3, the part controlled by the chemical reaction step reaches 86.04% and 90.83%, respectively; that is, the diffusion-control step is remarkably shortened with a decreasing CO2/H2O ratio. To investigate the effect of interactions by char-H 2 O-CO 2 in the presence of H 2 and CO on the gasification of bituminous coal char, experiments were carried out under a mixture of CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere at a gasification temperature of 1273 K with a gasification gas flow of 8 L/min. The experimental arrangement is given in Table 8 . Figure 9 shows the impact of different proportions of CO 2 /H 2 O on the carbon conversion degree in the presence of H 2 and CO. For gasification at the condition of CO 2 /H 2 O = 3/1 for 60 min, the carbon conversion degree of bituminous coal char is only 80.71%. When the ratio of CO 2 /H 2 O decreased to 1/3 for 60 min, the carbon conversion degree of bituminous coal char increased to 87.27%. It is thus found that the carbon conversion degree of bituminous coal char increases with a decreasing CO 2 /H 2 O ratio, revealing that the gasification ability of H 2 O is greater than that of CO 2 at high temperatures. Moreover, when the ratios of CO 2 /H 2 O are 3/1 and 1/3, the part controlled by the chemical reaction step reaches 86.04% and 90.83%, respectively; that is, the diffusion-control step is remarkably shortened with a decreasing CO 2 /H 2 O ratio. To determine the mechanisms of H2O's shortened diffusion control step, SEM micrographs of bituminous coal char as well as its pore distribution were examined to detect the effect of gas type on the microstructure of bituminous coal char, as shown in Figure 10 . Obviously, the structure of gasified coal char is looser than that of original coal char whether it was gasified in a CO2/H2O = 3/1 or CO2/H2O = 1/3 atmosphere: The pore-volume percentage of bituminous coal char was 11.96%, and it increased to 29.01% and 37.11% when coal char were gasified in a CO2/H2O = 3/1 and CO2/H2O = 1/3 atmosphere, respectively. Figure 10 (panels A and B) shows that coal char gasified in a CO2/H2O = 3/1 atmosphere has a tight grain structure with few channels in the grains, while that gasified in a CO2/H2O = 1/3 atmosphere has a loose structure with smaller pores in the coal char. As the porevolume histogram also suggests, coal char gasified in a CO2/H2O = 1/3 atmosphere has a higher volume percentage of micropores (pore sizes of 0-5 and 5-10 μm) compared with those gasified in a CO2/H2O = 3/1 atmosphere. During gasification, micropores provide gas channels for gasification and decreased gas diffusion resistance. Moreover, as previous research has suggested, the molecular diameter of H2O is smaller than that of CO2, which may decrease gas diffusion resistance during gasification. Thus, gas diffusion resistance in the gasification process decreases when the CO2/H2O ratio decreases, which shortens the diffusion-control step.
(a) (b) Figure 9 . Plots of (a) 1 − (1 − X) To determine the mechanisms of H 2 O's shortened diffusion control step, SEM micrographs of bituminous coal char as well as its pore distribution were examined to detect the effect of gas type on the microstructure of bituminous coal char, as shown in Figure 10 . Obviously, the structure of gasified coal char is looser than that of original coal char whether it was gasified in a CO 2 /H 2 O = 3/1 or CO 2 /H 2 O = 1/3 atmosphere: The pore-volume percentage of bituminous coal char was 11.96%, and it increased to 29.01% and 37.11% when coal char were gasified in a CO 2 /H 2 O = 3/1 and CO 2 /H 2 O = 1/3 atmosphere, respectively. Figure 10 (panels A and B) shows that coal char gasified in a CO 2 /H 2 O = 3/1 atmosphere has a tight grain structure with few channels in the grains, while that gasified in a CO 2 /H 2 O = 1/3 atmosphere has a loose structure with smaller pores in the coal char. As the pore-volume histogram also suggests, coal char gasified in a CO 2 /H 2 O = 1/3 atmosphere has a higher volume percentage of micropores (pore sizes of 0-5 and 5-10 µm) compared with those gasified in a CO 2 /H 2 O = 3/1 atmosphere. During gasification, micropores provide gas channels for gasification and decreased gas diffusion resistance. Moreover, as previous research has suggested, the molecular diameter of H 2 O is smaller than that of CO 2 , which may decrease gas diffusion resistance during gasification. Thus, gas diffusion resistance in the gasification process decreases when the CO 2 /H 2 O ratio decreases, which shortens the diffusion-control step. To determine the mechanisms of H2O's shortened diffusion control step, SEM micrographs of bituminous coal char as well as its pore distribution were examined to detect the effect of gas type on the microstructure of bituminous coal char, as shown in Figure 10 . Obviously, the structure of gasified coal char is looser than that of original coal char whether it was gasified in a CO2/H2O = 3/1 or CO2/H2O = 1/3 atmosphere: The pore-volume percentage of bituminous coal char was 11.96%, and it increased to 29.01% and 37.11% when coal char were gasified in a CO2/H2O = 3/1 and CO2/H2O = 1/3 atmosphere, respectively. Figure 10 (panels A and B) shows that coal char gasified in a CO2/H2O = 3/1 atmosphere has a tight grain structure with few channels in the grains, while that gasified in a CO2/H2O = 1/3 atmosphere has a loose structure with smaller pores in the coal char. As the porevolume histogram also suggests, coal char gasified in a CO2/H2O = 1/3 atmosphere has a higher volume percentage of micropores (pore sizes of 0-5 and 5-10 μm) compared with those gasified in a CO2/H2O = 3/1 atmosphere. During gasification, micropores provide gas channels for gasification and decreased gas diffusion resistance. Moreover, as previous research has suggested, the molecular diameter of H2O is smaller than that of CO2, which may decrease gas diffusion resistance during gasification. Thus, gas diffusion resistance in the gasification process decreases when the CO2/H2O ratio decreases, which shortens the diffusion-control step. 
Conclusions
Studies on bituminous coal char gasification were systematically carried out using a mixture of CO2, H2O, CO, H2, and N2 under isothermal conditions. The experimental results reveal that the carbon conversion degree increases significantly with increasing gasification temperature and gasification time, but also with decreasing H2 and CO concentration. In addition, the gasification process of bituminous coal char was successfully modeled as a shrinking unreacted core. As the kinetic studies suggest, an intrinsic chemical reaction controls the early stage of gasification, while the diffusion controls the gasification in the later stage. The activation energies for the gasification in the mixture of CO2, H2O, CO, H2, and N2 atmosphere are 47.06 and 95.53 kJ/mol for the early and later stages of gasification, respectively. The diffusion-control step was significantly shortened with a decreasing CO2/H2O ratio. SEM results show that the gasified bituminous coal char in CO2/H2O = 1/3 atmosphere has a large number of internal pores in the mineral particles. Its microstructure is looser than that of coal char gasified in CO2/H2O = 3/1 atmosphere. The inner bore reduces the gas diffusion resistance, thus shortening the process of diffusion control.
Studies on bituminous coal char gasification were systematically carried out using a mixture of CO 2 , H 2 O, CO, H 2 , and N 2 under isothermal conditions. The experimental results reveal that the carbon conversion degree increases significantly with increasing gasification temperature and gasification time, but also with decreasing H 2 and CO concentration. In addition, the gasification process of bituminous coal char was successfully modeled as a shrinking unreacted core. As the kinetic studies suggest, an intrinsic chemical reaction controls the early stage of gasification, while the diffusion controls the gasification in the later stage. The activation energies for the gasification in the mixture of CO 2 , H 2 O, CO, H 2 , and N 2 atmosphere are 47.06 and 95.53 kJ/mol for the early and later stages of gasification, respectively. The diffusion-control step was significantly shortened with a decreasing CO 2 /H 2 O ratio. SEM results show that the gasified bituminous coal char in CO 2 /H 2 O = 1/3 atmosphere has a large number of internal pores in the mineral particles. Its microstructure is looser than that of coal char gasified in CO 2 /H 2 O = 3/1 atmosphere. The inner bore reduces the gas diffusion resistance, thus shortening the process of diffusion control. 
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